Tinnitus, the perception of phantom sound, is often a debilitating condition that affects many millions of people. Little is known, however, about the molecules that participate in the induction of tinnitus. In brain slices containing the dorsal cochlear nucleus, we reveal a tinnitus-specific increase in the spontaneous firing rate of principal neurons (hyperactivity). This hyperactivity is observed only in noise-exposed mice that develop tinnitus and only in the dorsal cochlear nucleus regions that are sensitive to high frequency sounds. We show that a reduction in Kv7.2/3 channel activity is essential for tinnitus induction and for the tinnitus-specific hyperactivity. This reduction is due to a shift in the voltage dependence of Kv7 channel activation to more positive voltages. Our in vivo studies demonstrate that a pharmacological manipulation that shifts the voltage dependence of Kv7 to more negative voltages prevents the development of tinnitus. Together, our studies provide an important link between the biophysical properties of the Kv7 channel and the generation of tinnitus. Moreover, our findings point to previously unknown biological targets for designing therapeutic drugs that may prevent the development of tinnitus in humans.
Tinnitus, the perception of phantom sound, is often a debilitating condition that affects many millions of people. Little is known, however, about the molecules that participate in the induction of tinnitus. In brain slices containing the dorsal cochlear nucleus, we reveal a tinnitus-specific increase in the spontaneous firing rate of principal neurons (hyperactivity). This hyperactivity is observed only in noise-exposed mice that develop tinnitus and only in the dorsal cochlear nucleus regions that are sensitive to high frequency sounds. We show that a reduction in Kv7.2/3 channel activity is essential for tinnitus induction and for the tinnitus-specific hyperactivity. This reduction is due to a shift in the voltage dependence of Kv7 channel activation to more positive voltages. Our in vivo studies demonstrate that a pharmacological manipulation that shifts the voltage dependence of Kv7 to more negative voltages prevents the development of tinnitus. Together, our studies provide an important link between the biophysical properties of the Kv7 channel and the generation of tinnitus. Moreover, our findings point to previously unknown biological targets for designing therapeutic drugs that may prevent the development of tinnitus in humans.
potassium channels | excitability | auditory brainstem | phantom perception T innitus is a common auditory disorder that is often the result of extreme sound exposure. An estimated 5-15% of the population experiences chronic tinnitus, with many millions of those sufferers disabled by this condition (1) (2) (3) . With an even higher prevalence of chronic tinnitus in recent war veterans (4), the personal and financial costs of tinnitus have expanded dramatically. Despite the high prevalence of tinnitus, the neuronal mechanisms that mediate the initiation (induction) and the maintenance (expression) of the disorder remain poorly understood. As a result there is no generally accepted treatment, cure, or preventive method for tinnitus.
Tinnitus is usually initiated by noise-induced cochlear damage that causes hair cell loss, ganglion cell degeneration, and reduced auditory nerve input to the central auditory system (5) . Decreased peripheral input leads to pathogenic neuronal plasticity that results in subcortical hyperexcitability, increased neural synchrony, cortical reorganization, and ultimately stimulusindependent perception of sound (5) (6) (7) (8) (9) (10) (11) (12) (13) . However, little is known about the plasticity mechanisms that initiate tinnitus. Elucidation of these mechanisms will lead to the development of drugs and therapies that can be applied soon after the acoustic trauma, thus preventing tinnitus from becoming permanent and irreversible.
The dorsal cochlear nucleus (DCN) is an auditory brainstem nucleus that is indispensable to the induction of tinnitus: ablation of the DCN before noise exposure prevents the induction of tinnitus (14) . Consistent with its key role in tinnitus generation, the DCN is a site where robust tinnitus-related neuronal plasticity has been identified (15) . Studies in animal models of noiseinduced tinnitus have revealed that DCN principal neurons, fusiform cells, exhibit elevated spontaneous firing frequency (hyperactivity) that is correlated with the behavioral evidence of tinnitus (10, 12, 16) . Although previous studies have suggested that a shift in the excitatory/inhibitory synaptic balance contributes to the DCN hyperactivity (12, 17, 18) , direct evidence is lacking that these synaptic changes are crucial for the induction of tinnitus. Here we reveal that pathogenic plasticity of Kv7 (KCNQ) potassium channel establishes DCN hyperactivity and triggers the development of tinnitus. This significant role of KCNQ channels makes them promising targets for the development of therapeutic approaches for preventing the induction of tinnitus.
Results
Changes in the Intrinsic Properties of Fusiform Cells Mediate TinnitusSpecific, DCN Hyperactivity. To determine the cellular mechanisms underlying the induction of tinnitus, we used an animal model that allows us to assess whether a mouse experiences tinnitus 1 wk after being exposed to a loud sound (noise exposure; SI Materials and Methods and Fig. S1 ). This animal model is based on the inhibition of an acoustic startle response by a silent gap that is embedded in a constant background sound (19) ; the silent gap is placed 130 ms before the startle stimulus (gap detection; Fig. 1A ). Control mice and mice that do not experience tinnitus after noise exposure (nontinnitus mice) detect the gap and show inhibition of the startle response; mice with behavioral evidence of tinnitus after noise exposure (tinnitus mice) show reduced inhibition of the startle response, because their tinnitus fills the gap. One week after noise exposure, 51.4% of noise-exposed mice (18 of 35) showed behavioral evidence of tinnitus, with significantly increased gap startle ratio (startle response to gap and startle stimulus/response to startle stimulus alone) revealed only by high-(≥20 kHz) but not low-frequency background sounds (Fig. 1B , sham-exposed mice (control): n = 16, P = 0.55; tinnitus: n = 18, P < 0.001; nontinnitus: n = 17, P = 0.20; Fig. 1C , control: n = 16, P = 0.47; tinnitus: n = 18, P = 0.17; nontinnitus: n = 17, P = 0.14; Fig. S2 ). The development of the high-frequency tinnitus is consistent with previous studies that have used similar noise exposure (12, 17) . Importantly, gap detection deficits of tinnitus mice are not due to temporal processing impairment or inability to hear the background sounds, because prepulse inhibition (PPI, inhibition of startle response by a preceding nonstartling sound; Fig. 1D ) was identical among control, tinnitus, and nontinnitus mice (Fig. 1E , control: n = 18, P = 0.72; tinnitus: n = 16, P = 0.61; nontinnitus: n = 17, P = 0.32; Fig. 1F , control: n = 18, P = 0.62; tinnitus: n = 18, P = 0.26; nontinnitus: n = 17, P = 0.83; Figs. S3-S5). The behavioral distinction of tinnitus from nontinnitus mice enables us to identify the induction mechanisms that are tinnitus-specific and that are not general markers of noise exposure or hearing loss.
Previous studies have shown that DCN fusiform cells exhibit elevated spontaneous firing frequency (hyperactivity) that could underlie the triggering of tinnitus (10, 16) . Given that spontaneous firing of fusiform cells is dependent on their intrinsic ionic conductances (20) , we blocked excitatory and inhibitory synaptic transmission to study the role of intrinsic conductances on the observed tinnitus-related DCN hyperactivity. Using whole-cell and cell-attached recordings in DCN slices, we recorded from fusiform cells in control, tinnitus, and nontinnitus mice 1 wk after noise exposure. We revealed that when synaptic transmission is blocked, only fusiform cells from tinnitus mice showed increased spontaneous activity (Fig. 1H , control: 9.7 ± 1.8 Hz, n = 14, tinnitus: 15.9 ± 1.0 Hz, n = 16, nontinnitus: 8.4 ± 0.9 Hz, n = 12, P = 0.0004). Moreover, this hyperactivity is observed only in DCN areas that represent high (∼ ≥20 kHz, dorsal part) but not low sound frequencies (21) (<20 kHz, ventral part) ( Fig. 1 G and I, control: 10.0 ± 1.5 Hz, n = 17, tinnitus: 7.9 ± 1.1 Hz, n = 7, nontinnitus: 9.5 ± 1.9 Hz, n = 8, P = 0.71). Thus, our results suggest that noise-induced DCN hyperactivity is tinnitus-specific and is mediated by changes in the intrinsic ionic conductances of fusiform cells.
Decreased KCNQ Channel Activity Causes Tinnitus-Specific, DCN Hyperactivity. To determine the ionic conductances that are associated with the tinnitus-specific hyperactivity, we examined the intrinsic properties of fusiform cells. Our studies revealed that reduction in KCNQ (M) current-a subthreshold, noninactivating K + current (22, 23) -is responsible for the detected DCN hyperactivity. To quantify KCNQ channel activity we held fusiform cells at −30 mV for 5 s and then stepped the voltage to −50 mV for 1 s to unmask their slow deactivation ( Fig. 2A ). In agreement with previous studies, this protocol revealed a slowly deactivating current that is blocked by XE991 (10 μΜ), a specific KCNQ channel blocker ( Fig. 2A) . By recording from control, tinnitus, and nontinnitus mice, we found that XE991-sensitive KCNQ currents are specifically reduced in tinnitus mice (Fig. 2B , control: 68.6 ± 9.6 pA, n = 7, tinnitus: 27.0 ± 3.7 pA, n = 8, nontinnitus: 72.4 ± 8.2 pA, n = 7, P = 0.004). Importantly, the reduction of KCNQ currents in tinnitus mice is observed only in fusiform cells that represent high but not low sound frequencies (Fig. 2C , control: 80.9 ± 12.0 pA, n = 6; tinnitus: 62.8 ± 6.2 pA, n = 6, nontinnitus: 73.4 ± 10.7 pA, n = 6, P = 0.45). Thus, the frequency-dependent reduction of KNCQ currents corresponds to the frequency dependence of tinnitus-specific hyperactivity ( Fig. 1 H and I) , as well as to the frequency dependence of tinnitus behavior ( Fig. 1 B and C) . Together, these results suggest that the reduction of KCNQ channel activity is associated with the tinnitus behavior and the tinnitusspecific DCN hyperactivity. Next we examined whether the decrease of KCNQ channel activity is causally linked to the tinnitus-specific hyperactivity. If hyperactivity of fusiform cell in tinnitus mice is caused by decreases in KCNQ channel activity, then the pharmacological blockade of KCNQ channel activity is expected to have a smaller effect on increasing the spontaneous firing activity in tinnitus mice compared with control mice. Moreover, we expect to observe this occluding effect in recordings from the high-frequency but not the low-frequency region of the DCN. Indeed, in cellattached recordings from high-frequency DCN regions, XE991 did not affect spontaneous firing rates of fusiform cells in tinnitus mice, but it significantly increased spontaneous firing rates of fusiform cells in control mice (Fig. 2D , at 15-20 min after XE991 application, control: 184.9% ± 1.9% of baseline, n = 6, tinnitus: 111.3% ± 1.1% of baseline, n = 7, P < 0.05). Moreover, application of XE-991 equalizes the spontaneous firing rate of fusiform cells of control and tinnitus mice (Fig. S6) , which further supports the hypothesis that a decrease in KCNQ channel activity is responsible for the tinnitus-specific hyperactivity. Consistent with our hypothesis, in recordings from low-frequency DCN regions, blockade of KCNQ channels with XE991 revealed a similar enhancing effect on the spontaneous firing frequency of fusiform cells in control and tinnitus mice (Fig. 2E, control: 199.8% ± 1.6% of baseline, n = 6, tinnitus: 208.8% ± 3.0% of baseline, n = 6, P > 0.05). The lack of effect of XE991 on fusiform cells in tinnitus mice is not due to a "ceiling" effect, because XE991 had a similar effect in fusiform cells with both low (<12 Hz, n = 2) and high (>12 Hz, n = 5) spontaneous firing frequency (Fig. 2F, center and right traces) . Together, these results demonstrate that reduction of KCNQ channel activity is correlated and causally linked to the DCN, tinnitus-specific hyperactivity. This previously unknown plasticity of KCNQ channels reveals the importance of KCNQ channels in the generation of the neural correlates of tinnitus.
Reduced KCNQ Channel Activity Enhances Subthreshold Excitability in
Tinnitus Mice. Previous studies in hippocampal neurons have shown that KCNQ channel activity reduces neuronal excitability by modulating resting membrane potential (RMP), action potential threshold, spike afterdepolarization, and subthreshold excitability (24) (25) (26) (27) (28) . To investigate the mechanism through which KCNQ channels modulate fusiform cell excitability, we examined these parameters in control and tinnitus mice. Our results show that RMP, spike threshold, and other suprathreshold parameters are not different either between control and tinnitus mice or in control mice before and after XE991 application (Fig. 3A , RMP, control: n = 6, tinnitus: n = 11, P = 0.87; control: n = 6, XE991: n = 6, P = 0.74; Fig. 3B , spike threshold, control: n = 11, tinnitus: n = 11, P = 0.26; control: n = 6; XE991: n = 6, P = 0.85; Table S1 ). However, we observed a significant increase in the subthreshold excitability of tinnitus mice (Fig. 3C , depolarization rate from −60 mV to spike threshold, control: 0.32 ± 0.05 V/s, n = 11, tinnitus: 0.75 ± 0.16 V/s, n = 12, P = 0.02). Moreover, application of XE991 in control mice mimics the effect of reduced KCNQ channel activity in tinnitus mice (Fig. 3D , Left): XE991 speeds up the rate of subthreshold depolarization and reduces the threshold current (I threshold ) needed to elicit a spike (Fig. 3D , I threshold , control: 0.13 ± 0.05 nA, n = 5, after XE991: 0.10 ± 0.04 nA, n = 5, P = 0.045). Together, our results suggest that the reduced KCNQ channel activity in tinnitus mice increases spontaneous firing rate of fusiform cells by increasing subthreshold excitability.
Plasticity of KCNQ2/3 Channels Is Crucial for the Induction of Tinnitus.
The KCNQ family of K + channels comprises five members (KCNQ1-5). Given that mutations of KCNQ2 and KCNQ3 genes cause hyperexcitable epileptic states (29) , and the expression of these subunits in the DCN (30, 31), we investigated whether KCNQ2/3 subunits mediate KCNQ currents in fusiform cells. We used tetraethylammonium chloride (TEA) and 3-(triphenylmethylaminomethyl)pyridine (UCL2077), two pharmacological agents that provide differential block to KCNQ currents mediated by different subunits. Compatible with the sensitivity of KCNQ2/ 3-mediated currents to these blockers (32, 33) , application of TEA blocked KCNQ currents, with an IC 50 of 1.8 mM (Fig.  3E , n = 4-6 for each TEA concentration), and application of UCL2077 (3 μΜ) blocked KCNQ currents by 23% (Fig. 3F , 77.3% ± 0.5% of baseline, n = 5). Given that KCNQ5-mediated currents are potentiated by UCL2077 (33, 34) and neither KCNQ1 nor KCNQ4 subunits are expressed in the DCN (35, 36) , our findings suggest that KCNQ2/3 heteromers mediate the KCNQ currents in fusiform cells. Together, our results suggest that it is the plasticity of KCNQ2/3 channels that leads to the reduction of KCNQ channel activity in tinnitus mice.
Depolarizing Shift of V 1/2 Causes Reduced KCNQ Channel Activity in Tinnitus Mice . The reduction of KCNQ channel activity in tinnitus mice suggests a reduction of channel expression, a shift in the voltage dependence of channel activation, or both. To examine these possibilities, we compared maximal conductance (G max ) and half-maximal activation voltage (V 1/2 ) of KCNQ channels in control and tinnitus mice. Voltage ramps evoked an outward current that was partially suppressed by XE991 (Fig. 3G) ; by subtracting the trace after application of XE991 from the control trace, we determined the conductance-voltage relationship for KCNQ currents (Fig. 3H) . Through fitting with a Boltzmann relationship, we revealed that in tinnitus mice G max is not reduced (Fig. 3I ), but the V 1/2 of KCNQ currents is shifted to more depolarized potentials (Fig. 3I , V 1/2 , control: −32.8 ± 1.7 mV, n = 6, tinnitus: −25.1 ± 1.7 mV, n = 6, P = 0.009; G max , control:
54.7 ± 14.2 nS, n = 6, tinnitus: 53.1 ± 12.9 nS, n = 6, P = 0.93). Although the Boltzmann fits-especially for determining maximal conductance-are limited by the range of voltages over which we were able to maintain voltage clamp, our results suggest that a depolarizing shift in V 1/2 in tinnitus mice is important for the reduction in KCNQ currents that, in turn, leads to tinnitusspecific hyperactivity. Retigabine, a KCNQ Channel Activator, Prevents the Development of Tinnitus. The critical role of the voltage dependence of KCNQ channels on generating tinnitus-specific hyperactivity suggests the provocative link between the biophysical properties of KCNQ channels and the development of perception of phantom sound. This hypothesis predicts that pharmacological shift in the voltage dependence of KCNQ channel activity to more hyperpolarized potentials will inhibit the development of tinnitus behavior. To test this hypothesis, we injected noise-exposed mice (starting 30 min after noise exposure and continuing injections twice per day for 5 d) with retigabine: retigabine specifically enhances KCNQ channel activation by causing a hyperpolarizing shift in the voltage dependence of the channel activation (37, 38) . Intraperitoneal injection of retigabine (as its dihydrochloride salt) reduced the percentage of noise-exposed mice that develop tinnitus to the same level as in control mice [ Fig. 4A , control: 11.1% (2 of 18; SI Materials and Methods), noise-exposed: 51.4% (18 of 35), noise-exposed + retigabine: 18.8% (3 of 16), noiseexposed + saline: 43.8% (7 of 16)]. Retigabine does not affect temporal processing or hearing, because it did not affect PPI or hearing thresholds (Fig. 4B , PPI, control: n = 16, noiseexposed: n = 33, noise-exposed + retigabine: n = 16, noiseexposed + saline: n = 16, P = 0.55; Fig. 4C , auditory brainstem response (ABR) threshold, control: n = 7, noise-exposed: n = 18, noise-exposed + retigabine: n = 7, noise-exposed + saline: n = 7, P = 0.35; Figs. S7 and S8). Although i.p. injection of retigabine affects KCNQ channels throughout the brain, these results, in combination with our physiological studies (Figs. 1-3 ) and the key role of DCN in tinnitus induction (14) , support the notion that the pathogenic plasticity of subcortical KCNQ channel activity is crucial for the induction of tinnitus. Importantly, these results link the voltage dependence of KCNQ channel opening with the development of the perception of phantom sound.
Discussion KCNQ channels are slowly activating, noninactivating potassium channels that open at subthreshold membrane potentials. The time-and voltage dependent properties of KCNQ channels enable them to function as effective "brakes" that control excitability in neuronal, sensory, and muscular cells (23, 39) . The importance of KCNQ channels is emphatically illustrated by the finding that mutations in KCNQ genes underlie multiple neurological diseases that are characterized by membrane hyperexcitability, such as epilepsy (29, 40) . Here we report that tinnitus is a KCNQ channelopathy: a reduction in KCNQ2/3 channel activity leads to DCN tinnitus-specific hyperactivity and initiates the development of tinnitus. KCNQ channels, often KCNQ2 and KCNQ3, mediate the native neuronal M-type current (22, 32) . M currents are strongly inhibited by activation of muscarinic acetylcholine receptors (mAChRs) and other G protein-coupled receptors that reduce membrane phosphatidylinositol-(4,5)-bisphosphate (PIP 2 ) levels (41) (42) (43) . Given the important role of cholinergic activity in DCN synaptic plasticity (44) and that noise exposure increases cholinergic activity in the DCN (45, 46) , our results suggest that noiseinduced up-regulation of mAChR signaling may underlie the reduced KCNQ channel activity in tinnitus mice.
Given that ablation of the DCN does not eliminate tinnitus once developed (47), we propose the existence of a "critical period" during which KCNQ channel enhancement is capable of preventing the development of tinnitus. Therefore, we suggest that plasticity of subcortical KCNQ2/3 channels is essential for the induction but not the expression of tinnitus. Recent studies show that cortical reorganization (6, 7) and aberrant thalamocortical rhythms (48) (thalamocortical dysrythmia) may underlie the expression of tinnitus; thalamocortical dysrythmia, by promoting stimulus-independent γ oscillations could maintain the conscious perception. Moreover, although it is evident that auditory system dysfunction is necessary for the generation of tinnitus, the maintenance of chronic tinnitus may involve pathological interactions between auditory and nonauditory structures, such as the limbic system (49, 50) . Thus, our findings suggest that KCNQ-mediated, subcortical hyperactivity may be triggering cortical reorganization and thalamocortical dysrythmia, which, in combination with changes in the limbic system, lead to the maintenance of the perception of phantom sound.
Chronic neuropathic pain is another phantom perception that is initiated by a peripheral trauma that results in subcortical hyperexcitability and cortical reorganization (51, 52) . Although changes in KCNQ channels have been associated with chronic neuropathic pain (53, 54) , a detailed mechanistic scheme for the role of KCNQ channels in pain has yet to emerge. Given the similarities between tinnitus and central neuropathic pain (55) (56) (57) , our studies suggest that plasticity of KCNQ biophysical properties is a promising site for investigating the induction mechanisms of chronic neuropathic pain.
Although our studies do not exclude other synaptic and intrinsic plasticity mechanisms that may contribute to the tinnitus-related changes in DCN excitability (18, 58, 59) , our results highlight KCNQ2/3 channels as key players in the induction of tinnitus. KCNQ channels have been attractive targets for treating diseases associated with hyperexcitability (60); retigabine, a KCNQ channel activator, has been recently approved as an anticonvulsant. Our findings, by illustrating the role of reduced KCNQ channel activity in the induction of tinnitus, suggest that KCNQ2/3 channel activators are promising therapeutic drugs for preventing the development of tinnitus.
Materials and Methods
All animal procedures were approved by the Institutional Animal Care and Use Committee of the University of Pittsburgh. Methods for inducing and behaviorally testing for tinnitus, criteria for the behavioral evidence of tinnitius, behavioral testing with retigabine, preparing brain slices, recording electrical signals from DCN slices, data analysis and statistics are provided in SI Materials and Methods. Percentage of mice that develop tinnitus (control: n = 18, noise-exposed: n = 35, noise-exposed + retigabine: n = 16, noise-exposed + saline: n = 16). (B and C) PPI and ABR thresholds for high-frequency testing sounds (20-32 kHz) (PPI startle ratio, control: n = 16, noise-exposed: n = 33, noise-exposed + retigabine: n = 16, noise-exposed + saline: n = 16; ABR thresholds, control: n = 7, noise-exposed: n = 18, noise-exposed + retigabine: n = 7, noise-exposed + saline: n = 7). *P < 0.05. Error bars indicate SEM. Detailed values in SI Materials and Methods (Values for main figures).
